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Abstract 

The reaction 7p — > ujp {to — > tt^tt^tt^ and vr'^ — > 77) has been studied 
in ep interactions using the ZEUS detector at photon-proton centre-of-mass 
energies between 70 and 90GeV and |t| < 0.6 GeV^, where t is the squared four 
momentum transferred at the proton vertex. The elastic lv photoproduction 
cross section has been measured to be cr^p^i^p = 1.21 ± 0.12 ± 0.23 ^b. The 
differential cross section da-yp^^jp/dltl has an exponential shape e"'''*' with a 
slope b = 10.0ibl.2ibl.3 GeV~^. The angular distributions of the decay pions are 
consistent with s-channel helicity conservation. When compared to low energy 
data, the features of uj photoproduction as measured at HERA energies are in 
agreement with those of a soft diffractive process. Previous measurements of 
the and (j) photoproduction cross sections at HERA show a similar behaviour. 
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1 Introduction 



Elastic photoproduction of vector mesons, 7p Vp, has been extensively studied 
in fixed target experiments at centre-of-mass energies up to ~ 20 GeV. The pro- 
duction of LJ and is usually described in the framework of the vector meson 
dominance model (VDM) [jl| and Regge theory p|. The W dependence of the cross 
section can be parametrised in Regge theory by the sum of two terms, one due to 
Pomeron exchange and the other to Reggeon exchange. While the latter falls with 
W, the former is almost fiat. Whereas /9° and production is predominantly due 
to Pomeron exchange at all energies, the energy behaviour of u production investi- 
gated before HERA suggests a non-negligible contribution from Reggeon exchange. 
It is therefore of interest to analyse u photoproduction at HERA, where Pomeron 
exchange should dominate. 

More specifically, it is important to establish if the features typical of elastic and 
vector meson production are also observed in uj photoproduction at high energy. 
Among these features are the weak dependence of the elastic cross section on W, 
the exponential shape of the differential cross section in t, where t is the squared 
four momentum transferred at the proton vertex, and the observation that the vector 
meson retains the helicity of the photon (s-channel helicity conservation, SCHC). 
In addition, a comparison of the photoproduction cross sections of the light vector 
mesons p° p, |^ , and |Q at HERA energies allows another check of their diffractive 
production mechanism. 

This paper reports a measurement of the photoproduction of u mesons using the 
reaction ep eup with the ZEUS detector at HERA. The u meson is observed via 
its decay into tt'^'k~tt^{tt^ —>■ 77) in the kinematic range 70 < < 90 GeV and 
p'^ < 0.6 GeV^, where px is the transverse momentum of the cu with respect to the 
beam axis. For these events the scattered positron was not observed in the detector, 
thereby restricting the photon virtuality to values smaller than 4GeV^, with a 
median of about 10~^GeV^. 

2 Kinematics 

Elastic UJ photoproduction at HERA is measured via the reaction: 

e{k) +p{P) e{k')+u;{V)+p{P') , 
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which is shown in Fig. |T[ The symbols in brackets denote the four momentum of each 
particle. 

At fixed ep centre-of-mass energy, the inclusive scattering of unpolarized positrons 
and protons can be described by any pair of the following variables: the four momen- 
tum squared carried by the photon, 

-Q2 = q^ = ^k- k'f , 

the centre-of-mass energy squared of the 7*p system, 

W^ = {q + Pf = -Q2 + 2y{k ■ P) + Ml , 

where Mp is the proton mass, and the fractional energy transfer of the positron in the 
proton rest frame, 

y={q-P)/{k-P). 

Additional variables are required to describe elastic vector meson photoproduction: 
the squared four momentum transferred at the proton vertex, 

t={P-P'f = {q-V)\ 

the angle between the u production plane and the positron scattering plane, and the 
polar and azimuthal angles of the normal to the uj decay plane in the 5-channel helicity 
frame. 

For the data discussed here, only the decay products of the uj were measured. The 
value of is restricted between the kinematic limit (5^j„ = M^^^ ^ 10~^ GeV^ 
and Qfnax ~ 4GeV^, the latter set by the requirement that the scattered positron is 
not detected in the main detector. At low values of the virtual photon is emitted 
with negligible transverse momentum and with longitudinal momentum pz-y ~ —E^, 
where is the photon energy[|. Under these assumptions, t and W can be expressed 
in terms of the energy E and the longitudinal and transverse momenta pz and pt of 
the u in the laboratory frame: W"^ ~ 2[E — pz)Ep and t ~ — Pt; where Ep is the 
proton beam energy. 

In order to determine the photoproduction cross section cr^p^^p from the measured 
electroproduction cross section aep^eujp, the following relationship was assumed f^, 

^The ZEUS coordinate system has positive Z in the direction of flight of the beam protons and 
the X-axis is horizontal, pointing towards the centre of HERA. The nominal interaction point is at 
X = Y = Z = 0. 
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based on VDM ||T| and on the one photon exchange approximation^: 




iW) 



dydQ"^ 



where 



a ri + (l-y)2 



2(1 -y) (Ql 



Ml 



) 
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y V 
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is the effective photon ffux and a. 



■yp—>Lup 



is the photoproduction cross section. 



3 Experimental conditions 



3.1 HERA 



During 1994, HERA operated at a proton energy of 820 GeV and a positron energy of 
27.5 GeV. Typically 153 colliding positron-proton bunches were stored, along with 17 
unpaired proton and 15 unpaired positron bunches. These additional bunches were 
used to study background from beam-gas interactions. 



A detailed description of the ZEUS detector can be found elsewhere . In addition to 
the hadron electron separator, which is described below, the main components used in 
this analysis are the same as those used for the 1994 photoproduction analysis 0. 
Of the latter, only the calorimeter and the tracking chambers are mentioned here. 

Charged particle momenta are reconstructed from information from the vertex 
detector (VXD) the central tracking detector (CTD) and the rear tracking 
detector (RTD) The total angular coverage is 15° < 9 < 170°, where 9 is the 
polar angle in the ZEUS coordinate system. 

The high resolution uranium-scintillator calorimeter (GAL) is divided into 
three parts, the forward calorimeter (FGAL), the barrel calorimeter (BGAL) and 
the rear calorimeter (RCAL), respectively covering the polar angle regions 2.6° to 
36.7°, 36.7° to 129.1°, and 129.1° to 176.2°. Each part consists of towers which are 

^The one photon exchange approximation relates the ep cross section to the longitudinal and the 
transverse 7*p cross sections for ^ 0, the latter being related to a^p^^p by VDM. 



3.2 The ZEUS detector 
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longitudinally subdivided into electromagnetic (EMC) and hadronic (HAC) readout 
cells. The transverse sizes are 5 x 20 cm^ for the EMC cells (10 x 20 cm^ in the RCAL) 
and 20 x 20 cm^ for the HAC cells. From test beam data, energy resolutions with E in 
GeV of (Je/E = 0.18/\/E for electrons and cte/E = 0.35/^/E for hadrons have been 
obtained. 

The hadron electron separator (HES) consists of silicon detectors 400 fim thick. 
In the 1994 running period only the rear part (RHES) was operational. The RHES 
in the RCAL as seen from the interaction point is shown in Figure 0, illustrating 
the geometrical structure. The RHES is located in the RCAL at a depth of 3.3 
radiation lengths, covering an area of about 10 m^. Each silicon pad has an area of 
28.9 X 30.5 mm^, providing a spatial resolution of about 9 mm for a single hit pad. If 
more than one pad is hit by a shower, a cluster consisting of at most 3x3 pads around 
the most energetic pad is considered. This allows a more precise reconstruction of the 
position, providing a resolution of about 5 mm for energies greater than 5 GeV. The 
RHES measures the energy deposited by charged particles near the maximum of an 
electromagnetic shower. This energy is measured in units m.i.p., the energy deposited 
by a minimum ionizing particle. The mean energy deposit expected for a shower 
induced by a 1 GeV photon is 7.6 m.i.p. 



3.3 Trigger 

The conditions of the three level trigger used in this analysis are those of the 1994 (p 
photoproduction measurement 0. 

The requirements at the first trigger level consist of a minimum RCAL electro- 
magnetic energy deposit of 464 MeV reconstructed by the calorimeter trigger proces- 
sor ||12| , a maximum deposit of 1250 MeV reconstructed in the FCAL towers surround- 
ing the beam pipe, and at least one track candidate based on CTD information. 

Upstream proton-gas interactions are rejected at the second and third trigger levels 
using calorimeter time measurements. 

The third level trigger also uses the CTD information to reject events with a 
reconstructed vertex more than 66 cm away from the nominal interaction point along 
Z, with more than four track candidates, or with no pair of tracks forming an invariant 
mass less than 1.5 GeV assuming the pion mass for each track. 
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4 Event selection and reconstruction 



The data taken during 1994 correspond to a total integrated luminosity of about 
3.2 pb~^. After taking the trigger prescaling into account, the data presented in this 
analysis correspond to an effective integrated luminosity of 894 ± 13nb~^. 

4.1 Selection criteria 

The final sample of uj events was selected by imposing the following offline require- 
ments: 

• Two tracks with opposite charges associated to a common vertex and no further 
tracks. 

• A well reconstructed vr^ candidate from two clusters (as defined in section [4.2|) 
in RCAL and RHES, with at most one additional cluster, as described in detail 
below. 

• No clusters in BCAL or RCAL with energy greater than 200 MeV and more 
than 20 cm away from the extrapolated position of either of the two tracks. The 
cut was not applied to the clusters in the RCAL associated to the tt" candidate. 
This cut rejects events with additional neutral particles. 

• Transverse momentum of each track greater than 100 MeV and polar angle 9 < 
165°, to restrict the data to a region of good track reconstruction efficiency. 

• Total energy in FCAL less than 1 GeV, in order to limit the contamination by 
proton dissociative events (7p — > uN). 

4.2 Reconstruction of the tt^ 

For the reconstruction of the 7r° via the decay photon pair, signals in RCAL and 
RHES were separately combined into clusters. 

RCAL clusters are objects consisting of adjacent calorimeter cells. For the present 
data, clusters were usually formed by one cell. To reject background from uranium 
radioactivity, a minimum cell energy of 100 MeV was required. This should be com- 
pared with the mean measured photon energy of 500 MeV with a standard deviation 
of 210 MeV, which is reproduced by the simulations described below. 
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RHES clusters consist of at most 3x3 adjacent silicon pads (see section |3l2| ). Most 
(63%) of the clusters consisted of a single pad. A cut on the signal from any RHES 
pad with less than 1 m.i.p. was applied to reject noise. The mean RHES signal for 
this data sample was 4.2 m.i.p. with a standard deviation of 2.5 m.i.p. 

RHES clusters were assigned to an RCAL cluster if they were within a distance 
of 15 cm (measured in the RHES plane). RCAL clusters less than 20 cm away from 
the extrapolated impact point of a charged track were excluded, thus restricting the 
sample to clusters produced by neutral particles. Events with exactly two of these 
neutral RCAL-RHES clusters were then selected, allowing at most one additional 
cluster in RCAL with no corresponding RHES cluster and an energy of less than 
200 MeV. These two RCAL-RHES clusters were required to have an energy deposition 
in the electromagnetic part of the calorimeter only. Fewer than 0.5% of the RCAL 
clusters were associated with more than one RHES cluster. Even less frequent were 
events in which the two decay photons were assigned to one RHES cluster. 

Using the Monte Carlo simulations described in section ^ the energy of the RCAL 
clusters was corrected for losses in the material between the interaction point and the 
RCAL. The average correction was approximately 25%. The corrected RCAL energies 
and RHES position information were used to calculate the two-cluster invariant mass 
Mry^. The spectrum is plotted in Fig. ^(a). A fit with the sum of a Gaussian and a 
second order polynomial yields a mean of the Gaussian of (M^j) = 124 ± 1 MeV and 
a standard deviation of 28 ± 1 MeV. The difference with respect to the mass is a 
consequence of the incomplete description of low energy electromagnetic showers in 
the Monte Carlo simulation. Events with 84 < M^^ < 164 MeV, i.e. a mass within 
1.5 cr of (My^), were selected. 

To improve the resolution in the four momentum and invariant mass of the 7r"'"7r~7r'' 
system, the invariant mass of the two photons was constrained to the 7r° mass. Since 
the 7r° energies are small, only large opening angles a between the decay photons 
occur. As the angle a is well determined due to the precise position measurement of 
RHES, the resolution in M^^ is dominated by the energy resolution of RCAL. Thus 
only the energies were modified in the procedure. The modified values Ei^-^, E2^^^ of 
the corrected energies Ei, E2 of the RCAL clusters were determined by minimizing 
the quantity: 

^2(p p {El-El y {E2-E2^.J^ 



using the constraint: 



2 • Ei^^^E2j,^, ■ (1 - cos a) = M^o , 
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where aEi{GeV) oc yi?j(GeV) are the corresponding energy resolutions of the RCAL. 
4.3 Reconstruction of the uj 

To determine the invariant mass of the tt^tt^tt^ system and the relevant kinematical 
quantities, the four momentum p-^T, of the 7r"*"7r~7r° system was obtained by adding up 
the momenta of the two tracks, assuming pion masses, and the momentum of the 7r°. 
The latter was determined from the measured RHES positions and the fitted RCAL 
energies Ei^.^ and E2f■^. The quantities W and pr were then derived from p^^,. 

The analysis was restricted to the range 70 < < 90 GeV, where the acceptance 
is almost flat. Furthermore the region < 0.6 GeV^ was selected, to limit the 
background contamination due to proton dissociation. 



Acceptance calculation and Monte Carlo simu- 
lation 



The Monte Carlo generators PYTHIA [|l^ and DIPSI [|Tj] were used to evaluate 



the acceptance. The former simulates the 7p interaction based on VDM and Regge 



theory, while the Q spectrum is generated using the ALLM parametrisation ||T5| of 



the ep cross section. The latter uses a model by Ryskin describing vector meson 
production in terms of a fluctuation of the photon into a qq pair, which interacts with 
the proton via a Pomeron exchange. The effective W dependence of the 7p cross 
section for the events generated was of the type a oc W'^''^. Neither model contains 
initial or final state radiation. The effect of radiative corrections on the cross section 
has been estimated to be smaller than 4% 0. 

The events were generated in the kinematic range 60 < < 100 GeV and 
Qmin < < 4GeV^. In order to adjust the Monte Carlo calculation to the data, 
the differential cross section da/d\t\ (see section [77^) was calculated using the default 
parameters of PYTHIA and the Monte Carlo events were then re-weighted with the 
measured slope parameter. The angular distribution of the decay pions was assumed 
to be that implied by SCHC. The reconstructed W, p^ and decay angular distribu- 
tions of the Monte Carlo sample agree well with those of the data, as do the RCAL 
and RHES energy distributions of the decay photons. 

The RCAL trigger efficiency was determined using the data rather than a Monte 
Carlo simulation. To this purpose a sample of charged pions from the decay of 
mesons produced in elastic photoproduction was used. Since one of the two pions is 
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sufficient to trigger the event, the efficiency for RCAL to trigger on a charged pion was 
evaluated as the fraction of events in which the second pion could have satisfied the 
trigger and in which it actually did. The uncertainty in the resulting RCAL trigger 
efficiency is limited by statistics and is 6%. The contribution of the photons from 
the 7r° decay to the RCAL trigger decision was determined using the Monte Carlo 
events described above. The total efficiency of the trigger is about 30%. The largest 
contribution to the inefficiency is the RCAL energy threshold (about 50%). 

The acceptance as a function of W and p'^ is shown in Figure ^. The drop of 
the acceptance with increasing W or with decreasing is due to one or more of 
the uj decay products escaping detection in the rear region close to the beam pipe. 
Conversely, with decreasing W the energy of the photons from the 7r° decay falls below 
the value of the cut on the calorimeter energy, thus decreasing the acceptance. 

The acceptance evaluated with PYTHIA was used for the cross section determi- 
nation. The average acceptance in the region 70 < < 90 GeV is 0.89%. It is 
dominated by the 7r° reconstruction, which has itself an efficiency of 8%. The ef- 
ficiency is further reduced by the trigger, the requirement of two tracks (55%) and 
the other offiine requirements (about 70%). The model dependence of the acceptance 
determination was estimated by changing the distributions of W, t and the co decay 
angles in the Monte Carlo simulation within the statistical uncertainties allowed by 
the data. 

The PYTHIA Monte Carlo sample shows agreement between the reconstructed 
and generated values of W and p"^. The relative resolution in W is 6% and the 
resolution in p'^ is better than 0.04 GeV^. They are both dominated by the resolution 
in the energy measurement of the vr" decay photons. 

A determination of the elastic cross section for jp — »■ (pp using the decay (j) 
7r+7r~7r° was used as a consistency check (see section [7.2| ). Also in this case the 
acceptance was determined using PYTHIA. SCHC was assumed and the events were 
weighted according to the measured t distribution for this reaction |p. The average 
acceptance in the region 70 < 14^ < 90 GeV is 1.5%. 



6 Background 

Three sources of background were studied. The ffist is due to inelastic reactions with 
dissociation of the photon into a system of large mass. These events produce a smooth 



mass spectrum, which is parametrised by a polynomial as discussed in section |7[l|- A 



fraction of these events have an oo in the final state. The efficiency for reconstructing 
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only the uo meson is 10^^. Therefore the contribution of this background to the 
resonance is neghgible. 

The main source of background is the inelastic reaction 7p — > ujN , where iV is a 
hadronic system produced by the dissociation of the proton. This background was 
statistically removed using the results of , based on a Monte Carlo simulation with 
a cross section of the form (Pa/dtdMjf oc e~^l*l/M^ (M^r being the mass of the state 
N), with b = 4.5 GeV~^ and f3 = 2.5. In |^ the fraction of elastic events was 
determined as a function of A similar determination using the present data was 
not possible due to statistical limitations. The same fraction of elastic events was 
therefore assumed here and a dependent weight apphed to each event to obtain 
the elastic u cross section. The overall effect is to lower the cross section by 16 ± 9%. 
The relative uncertainty on the correction was assumed to be the same as in The 
correction was extrapolated to p"^ = 0.6 GeV^ from the range of the measurement 
presented in 0. 

Contamination from interactions of the proton or positron beam with the residual 
gas in the beam pipe was estimated from the unpaired bunches to be below 2%. 

7 Results 

7.1 Analysis of the mass spectrum 

The spectrum of the invariant mass of the 7r+7r~7r° system M^j^, after all offline cuts 
and the fit constraining the 77 mass according to equation is shown in Figure ^(b). 
In addition to the u signal, a second one is visible, which is due to the elastic pho- 
toproduction of the meson, 7^ <pp{<P — ^ tt+tt^tt^). The spectrum was fitted with 
the function: 

f(M3.) = gi(M3.) + g2(M3.) + ((MaO , (3) 

where gi, g2 are convolutions of a non-relativistic Breit-Wigner function with a Gaus- 
sian to describe the uo and resonances. C is a third order polynomial representing the 
background, mainly due to contamination under the 7r° peak and to inelastic processes 
in which a 7r° is produced. The fitted values of the uj and cf) masses are 778 ± 3 MeV 
and 1020 ± 9 MeV, respectively, compatible with those of the Particle Data Group 
(PDG) ||T^ and with Monte Carlo expectations. The fitted values of the Gaussian 
standard deviations are 32 ±4 MeV and 26 ±11 MeV, respectively, also in accord with 
the Monte Carlo; they are a measure of the resolution of the apparatus. 
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The number of uj and candidates observed after background subtraction was de- 
termined by integrating the fitted Breit-Wigner functions within the kinematic hmits. 
This yields = 172 ± 17 and iV^ = 38 ± 15. 

7.2 Elastic 7p — ^ ujp cross section 

The elastic •yp up cross section is given by: 

K, 



where N^^ is the total number of observed events after the statistical subtraction of the 
inelastic background, e is the total acceptance, C is the effective integrated luminosity 
and $ = 0.0203 is the effective photon flux as given by equation (|l]) after integration 
over the selected W and ranges. The branching ratio of the u ti^ti^ti^^ti^ 77) 



decay is B = i?j^^3^-_B^o^^^ = 0.877 |T^. In the region of \t\ < 0.6 GeV^, and averaged 



over the range 70 < < 90 GeV, the cross section is: 

(^■yp^up = 1-21 ± 0.12(stat.) ± 0.23(syst.) /ib . 

The systematic error was obtained by adding in quadrature the individual contribu- 
tions listed in Table |1]; the dominant ones are from the acceptance calculation and 
the inelastic background subtraction. 

The resulting elastic •yp up cross section at an average energy of {W) = 80 GeV 
is shown in Figure ^ together with previous results from fixed target experiments [|18 



The W dependence of the cross sections in the range 10 < W < 100 GeV is 



found to be weak, as predicted by Regge fits to hadronic cross sections [50, 31 



As a consistency check, the elastic yp (pp cross section was determined, using 



B = -B^^a^ ■ B^o^^^ = 0.154 [17| and $ = 0.0207, resulting in a^p^^p = 0.9 ± 



0.3(stat.) /ib. This value agrees with a^p^^p = 0.96 ± OAdtoH 

/ib determined using 

the reaction yp (pp [cf) ^ K^K~) in the kinematic range 60 < < 80 GeV and 
\t\ < 0.5 GeV^ ei. 



7.3 Differential cross section dcr-yp^i^p/ d\t\ 

In order to derive the differential cross section da^p^^jp/ d\t\, the fit to the mass spec- 
trum described in section ^[1] was repeated in bins of p\. To reconstruct the t dis- 
tribution, a bin-by-bin correction 0, given by the ratio of the generated t and the 
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reconstructed p"^ distribution in the PYTHIA Monte Carlo sample, was used to com- 
pensate for the difference between t and pf^, which is a consequence of not being 
measured. The result is shown in Figure ^(a). The data were fitted in the range 
< |t| < 0.6 GeV^ using the functional form: 



d\t\ 



yielding: 



A = 
b 



= 10.7 ± 2.2(stat.) ± 2.3(syst.) /ib/ GeV^ 
= 10.0 ± 1.2(stat.) ± 1.3(syst.) GeV^^ . 



The systematic error in A is dominated by the uncertainty on the acceptance (sen- 
sitivity to cuts (16%) and model dependence (9%)); the other contributions are the 
inelastic background subtraction, radiative corrections and luminosity, as listed in Ta- 
ble 0. The dominant contribution to the systematic error in b is also the uncertainty 
on the acceptance (sensitivity to cuts (12%) and model dependence (4%)). 

The slope b is compared in Figure P(b) with the results of previous experiments 



191 , |20| , p^ , |24| , |25| , pq , |29| . From a study of diffractive hadronic processes, assumed 
to be mediated by Pomeron exchange, Regge theory gives the following dependence 
of the slope bonW (with W in GeV) [§: 

b = bo + 2a'jp In , (5) 

with a'jp = 0.25 GeV"^. The line shown in Figure ^(b) represents the dependence 
according to equation (||), with bo chosen such that it passes through the ZEUS 
point. This behaviour is in good agreement with the data points at high energies 
{W > 10 GeV), where equation (|) is expected to hold. 



7.4 Decay angular distributions 

The polar and azimuthal angles 6h and (ph of the normal to the u meson decay plane 
in the 5-channel helicity frame were used to determine elements of the uj spin-density 
matrix The direction of the normal was defined as that of 7?+ x vr^, where vf^ (tt^) 



is the three momentum of the positively (negatively) charged pion. The experimental 
resolution in cos9h is about 0.05 and in (ph about 0.8 rad. Upon averaging over 0/j or 
cos 9h one finds, respectively p2| : 
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1 dN 1 r 04 n 

— \l-2rl\cos2<Ph]. (7) 



As the distribution of cos Oh was found to be symmetric, | cos9h\ was considered in- 
stead. The acceptance corrected distributions of | cos 6h\ and (ph are shown in Figure]^. 
They were obtained by repeating the mass fits described in section [7.1| , apphed in each 
bin of I cos Oh\ and (ph- Fits of the functions (||) and to the corrected data yield 



,04 
00 



0.11 ± 0.08(stat.) ± 0.26(syst.) 



and 



°^ - -0.04±0.08(stat.) ±0.12(syst.) 



Both values are compatible with the prediction of s-channel helicity conservation: 
Tqq = 0.10 (assuming a dependence of the ratio of the longitudinal to the transverse 
7*p cross section from VDM as also used in equation (|l|)) and = 0. 



8 Comparison of elastic light vector meson photo- 
production measurements 

In addition to the measurement presented above, elastic photoproduction of p° 0, ^ 
and (f) have also been measured at HERA. Table |^ gives a summary of the ZEUS 
results. The elastic p° cross section has also been measured by the HI collaboration |^ , 
who find a cross section of 9.1 ± 0.9 ± 2.5 /ib at {W) = 55 GeV and 13.6 ± 0.8 ± 2.4 /ib 
at (W) = 187 GeV. We compare in the following our p°, u and (p measurements with 
each other and with measurements at lower energy, which are presented in Table ^ 

From the data of Tables |^ and |^ we calculated the p° to u and p° to cross section 
ratios a^p^pOp/ a^p^^ip and a.yp^pOp/ a^p^^p for (W) = 12 or 14 GeV and 70 or 80 GeV. 
The results are given in Table ^. If there is the same soft diffractive process mediated 
by Pomeron exchange for all three vector mesons, no significant energy dependence 
in these ratios is expected. 

Table ^ shows the energy dependence of p^, u and (p elastic photoproduction cross 
sections, comparing data from this experiment at (W) = 70 GeV or (W) = 80 GeV 
with data from fixed target experiments from Table 

Using the optical theorem and VDM, the differential cross section dayp^yp/d\t\ 
for vector meson photoproduction, with V = p^, uj or (f), can be related to the total 
vector meson proton cross section avp, assuming that the real part of the amplitude 
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IS zero: 



da. 



d\t\ 



Ana 1 



t=o 



Pv 



where fy/'^T^ is the vector meson photon couphng constant. Using equation 
the approximate relation: 



and 



da, 



■yp^Vp 



d\t\ 



b ■ a. 



t=o 



one finds: 



a. 



-yp^Vp 



Ana 



■yp—^Vp 1 



l^Vp- 



At these large energies, the total Vp cross sections are expected to increase with 
energy proportionally to iy2aip{o)-2^ where a]p(0) is the intercept of the Pomeron 

0: 



trajectory. With ap(0) 
according to equation (H 



1.08 



and assuming the slope b to increase with W 
one finds an increase in the elastic vector meson photopro- 
duction cross sections with energy as shown in Table ^ The predictions are consistent 
with the data. The curve in Figure |^ includes the contribution from Reggeon exchange 
leading to a smaller predicted increase. 

Equation (H) can be used to compute the total u proton cross section. Using 

and f^/An 



da 

d\t\ 



\t=0 



10.7/ib/GeV' (see Table 



23.6 g, one gets 



a^p = 26.0 ± 2.5(stat.)_4'2(syst.) mb , 

where the systematic error includes the error of Jjf||t=o and the estimated uncertainty 
of PI An. This value agrees with the expected value of 28 mb at = 80 GeV, obtained 



from a parametrisation of a, 



u)p 



9 Conclusions 

Elastic oj photoproduction at (W) = 80 GeV and \t\ < 0.6 GeV^ has been measured 
using the ZEUS detector. The elastic cross section is a^yp^^p = 1.21 ± 0.12 ± 0.23 /ib. 
The exponential slope of the differential cross section da.yp^^p/d\t\ in this t range has 
been determined to be 10.0 ± 1.2 ± 1.3 GeV^^. The angular distributions of the decay 
pions are consistent with s-channel helicity conservation. 

When compared to low energy data, the features of uj photoproduction as measured 
at HERA energies are in agreement with those of a soft diffractive process. Previous 
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measurements of the p° and photoproduction cross sections at HERA show a similar 
behaviour. 
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Source 


Error 

[%] 


Refer to 


Luminosity 

Acceptance: • sensitivity to track selection cuts (modify to 
Pt > 150 MeV or ^ < 163° or ^ < 167°); 

• sensitivity to RCAL and RHES energy cuts 
(change by 50% or assume a miscahbration 
of RHES by 20%); 

• sensitivity to M^^ range (change cut on 
\M^^ - (M^^)l by ±10 MeV); 

• sensitivity to W range (change cut values by 
6%); 

• trigger efficiency; 

• model dependence. 
Radiative corrections 

Inelastic background subtraction 


1.5 

4 

8 

9 

5 
6 
3 
4 
11 


Section 4.1 

Section 4.2 

Section 4.2 

Section 4.3 
Section |^ 
Section |^ 
Section |^ 
Section |^ 


Total (added in quadrature) 


19 





Table 1: Contributions to the systematic error on a. 





■yp p^p 


7P — s> up 


7J9 (pp 




{W) [GeV] 


70 


80 


70 




a [//b] 


14.7 ± 0.4 ± 2.4 


1.21 ± 0.12 ± 0.23 


0.96 ± 0.19i[J:?^ 


\t\ 


-range [GeV^] 


< 0.5 


< 0.6 


< 0.5 


da 
d\t\ 


t=o [/xb/GeV2] 


139 ± 6 ± 26 


10.7± 2.2 ± 2.3 


7.2 ± 2.1 ± 1.5 


b [GeV-2] 


10.4 ± 0.6 ± 1.1 


10.0 ± 1.2 ± 1.3 


7.3 ± 1.0 ± 0.8 


\t\ 


-range [GeV^] 


< 0.15 


< 0.6 


0.1 < 


t\ < 0.5 


ref. 


i 


this paper 




i 



Table 2: Summary of results on elastic light vector meson photoproduction at HERA 
as measured by ZEUS in the given t range. The values of ^|t=o and of b have been 
taken from a fit of the differential cross section of the form ^ = J^l^^g ■ e"'''*' in the 
given t range. 
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7P — > 


yp up 


0p 


{W) [GeV] 
ref. 


12 

9.25 ± 0.44 

mm 


14 

1.07 ± 0.12 
0, |2|, m 


14 

0.66 ± 0.08 
11 



Table 3: Elastic 7p — > cross sections from fixed target experiments for W > 9 GeV. 
The values listed were obtained as weighted means of the cited measurements. 



(W) 






12 or 14 GeV 
70 or 80 GeV 


8.6 ± 1.0 
12.2 ± 3.0 


14.0 ± 1.8 
15.3 ± 4.9 



Table 4: Ratios of vector meson photoproduction cross sections. 





(iy>=70 


(iy>=80 
jp—^i^p 


(VK>=70 


(W)=12 
•yp^p^p 


(M/>=14 
jp—^^p 


(iy)=14 
^■yp->(t>p 


Experiment 
Pomeron exchange 


1.59 ± 0.28 
1.46 


1.12 ± 0.22 
1.45 


1.45 ± 0.46 
1.28 


6o (from eq. (^)) 


6.15 


5.75 


3.05 



Table 5: Ratio of cross sections at high and low W. 
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Figure 1: Schematic diagram of elastic uj production in ep interactions. 
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Figure 2: (a) The area covered by RHES in the RCAL as seen from the interaction 
point, (b) Extended view of (a), indicating the division of the RCAL EMC into 
modules and towers. Two RCAL EMC cells fit into one tower. The RHES pads are 
mounted on support structures, called skis in the figures, (c) Extended view of an 
RCAL tower. The segmentation of RHES into the pads is shown. 6x3 pads fit into 
one RCAL EMC cell. 
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Figure 3: (a) Invariant mass distribution of the two photons. The full line is the result 
of the fit explained in the text, (b) Invariant mass distribution of the tt^tt^tt^ system 
after all offline cuts and the fit based on equation (|^). The full line is a fit based on 
equation (H). In both figures the dashed line indicates the background as determined 
by the fits. 
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Figure 4: Acceptance for the process ep — > ecup. (a) Acceptance as a function of 
W in the range \t\ < 0.6 GeV^. (b) Acceptance as a function of p'^ in the range 
70 < < 90 GeV. 
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Figure 5: The elastic jp —>■ up cross section measured in this experiment (sohd circle) 



compared with the results of fixed target experiments |[T^-||2^ (open circles). For the 
ZEUS measurement the inner part of the vertical error bar shows the statistical error, 
while the outer one shows the statistical and systematic errors added in quadrature. 
The horizontal bars indicate the W range covered by the measurements. The line is 
a parametrisation based on Regge fits to hadronic data |3( 
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Figure 6: (a) The differential cross section da^p^^^p/ d\t 
the fit with functional form (b) Exponential slope h of da^p 
this experiment (solid circle) compared with low energy data [|T^ ^ 
(open circles). For the ZEUS measurements the inner part of the vertical error bar 
shows the statistical error, while the outer one shows the statistical and systematic 
errors added in quadrature. The horizontal bars indicate the W range covered by the 
measurements. The line is given by equation (^). It was constrained to pass through 
the ZEUS data point. 
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Figure 7: Acceptance corrected distribution of | cos9h\ and (f>h, where 9h and (f)h are 
the polar and azimuthal angles of the uj meson decay plane in the s-channel helicity 
frame, respectively. Fits according to equations (H) and are superimposed. 
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